Plant cells contain several types of single-membrane-bound organelles. These organelles differ in function, size, and shape, as well as in their dynamics. High-pressure freezing and freeze-substitution (HPF-FS) is a method for preparing samples for transmission electron microscopic analysis that are now used widely in plant cell biology, but some technical hurdles remain. In this mini-review, I summarize the characteristics of plant organelles and the strengths and weaknesses of these sample preparation methods. HPF-FS is generally superior to chemical fixation in terms of preserving structural integrity, but HPF-FS is not ideal for large and watery organelles, such as the vacuole, as it distorts the membrane. Notably, organelles with complex shapes that are dynamic by nature, such as the Golgi apparatus, should be analyzed using HPF-FS, as there are clear differences in terms of the morphology of the Golgi apparatus when HPF-FS is used instead of conventional chemical fixation.
INTRODUCTION
Plant cells contain single-membrane-bound organelles that work together in complex ways to promote cell function and growth. Most of these organelles play roles in membrane trafficking. Ultrastructural analysis of plant cells has played a key role in furthering our understanding of the characteristics and function of these organelles. In particular, ultrastructural analysis is helpful when used in combination with a molecular genetics approach, as this allows researchers to conduct careful comparisons of the phenotypes of wild-type and mutant model organisms such as Arabidopsis and Saccharomyces cerevisiae.
High-pressure-freezing (HPF) in combination with freezesubstitution (FS) was first used in plant cell biology starting in the 1990s (Kiss et al. 1990 , Mineyuki et al. 1998 . Although HPF-FS is now used widely in this field, it requires very expensive equipment as well as skillful specialists. HPF-FS has the following strengths: it makes it possible to visualize subcellular structures even deep inside samples (up to ~200 µm); using HPF-FS is easier and safer than using the metalcontact method with liquid helium or the rapid-freezing method with liquid propane; the running cost of HPF-FS is less than that for the metal-contact method with liquid helium.
However, HPF-FS is not applicable or suitable for every organelle or plant tissue. In this mini-review, I discuss which method, HPF-FS or conventional chemical fixation, is most suitable for the observation of single-membrane-bound organelles, including the vacuole, the endoplasmic reticulum (ER), and the Golgi apparatus. I also discuss when and how compromises should be considered and what kind of approach is best in each case to complement the drawbacks of transmission electronic microscope (TEM) analysis.
MATERIALS AND METHODS
Arabidopsis inflorescence stems (Arabidopsis Col-0 and sgr3-1 -/-) were chemically fixed with 2% glutaraldehyde, postfixed with 2% OsO 4 solution, and embedded in Spurr's resin (Nisshin EM, Japan) following the method of Morita et al. (2002) . Eight-day-old seedlings (for Col-0 and syp42 -/-syp43 -/-) were fixed using high pressure following the method described by Uemura et al. (Uemura et al. 2012) or by chemical fixation as described above. In brief, for high-pressure freezing, samples were rapidly frozen in a high-pressure freezer (HPM010; Bal-Tec) and transferred to 2% OsO 4 in anhydrous acetone that had been precooled in liquid nitrogen. Samples were maintained at -80°C for 7d, at -20°C for 2h, at 4°C for 2h, and then at room temperature for 2h. After several washes with anhydrous acetone, samples were embedded in Spurr's resin, and 50-90 nm ultrathin sections were cut, stained with uranyl acetate and lead citrate, and observed under a TEM (H-7100; Hitachi, Tokyo or JEM1200EX; JEOL, Tokyo).
I. Comparison of HPF-FS and chemical fixation
Both the HPF-FS method and chemical fixation have advantages and disadvantages. The suitability of using HPF-FS or chemical fixation to preserve the characteristics of organelles is summarized in Table I . In general, the HPF-FS method cannot be used for plant cells with a large central vacuole, since the presence of water inside the vacuole makes it difficult to freeze the cell without distorting cells or tissues. On the other hand, it is difficult to preserve the structure of organelles with complex shapes that are very dynamic in nature using chemical fixation because the fixative (i.e. the chemical solution) infiltrates and fixes the samples relatively slowly compared to rapid freezing methods such as HPF. To better illustrate these points, I will discuss my experience with three representative singlemembrane-bound organelles in plant cells.
II. Vacuole
Vacuoles are organelles that are large in volume relative to the plant cell, and the content of vacuoles, especially large lytic vacuoles, are aqueous in nature. The shape of vacuoles is rather simple compared to the shape of the ER or Golgi apparatus (Table I) , and vacuoles show very dynamic movement . For this organelle, it may seem that HPF-FS would be better than chemical fixation due to the organelle's dynamic nature, but there is one critical difficulty: in most cases, cells with a large central vacuole cannot be fixed with HPF because freezing leads to cell distortion or to the formation of ice crystals. The metal-contact method with liquid helium gives better results than HPF for fixing vacuoles (Hisada et al. 2001 and reveals the dynamic and complex features of the vacuolar membrane. Notably, however, if part of the vacuole is within 10 µm of the site of contact to the copper block by liquid helium, ice crystals will not form near the site, and the structure will be preserved for observation.
Accordingly, I chose chemical fixation when I wished to observe the vacuolar membrane of cells in the Arabidopsis inflorescence stem by TEM. Specifically, I wanted to examine the relationship between amyloplasts (which function as statoliths) and the vacuolar membrane. Among the cells in the inflorescence stem, amyloplasts develop only in endodermal cells that function as statocytes (gravity-sensing cells). These endodermal cells have a large, aqueous central vacuole that makes it very difficult to fix the cells by rapid freezing because of the reasons described above. Thus, I had no choice but to use chemical fixation. Another difficulty in working with these cells is that it is difficult to maintain the correct orientation of the cells, since they are sensitive to gravity. That is to say, great care must be taken to correctly position the inflorescence stem when putting samples in the HPF sample holder, it is almost impossible. The vacuole is a large organelle, but fortunately I obtained good results using chemical fixation to prepare cells from some mutants that had an extreme phenotype in terms of the vacuole shape ( Fig. 1 ; Morita et al. 2002 , Yano et al. 2003 , Niihama et al. 2005 , Hashiguchi et al. 2010 ).
There is one tip that may be useful for obtaining good results with chemical fixation, which is to use a good infiltration method. In chemical fixation, it is common to reduce pressure by pumping and enhancing the infiltration of the fixative. In this step, use of a rotary pump gives better results than using a water cooling pump or a vacuum line.
III. ER
The ER is a relatively large organelle that forms a reticulate network within the cell. Compared to the vacuole, the surface area of the ER is larger, but the volume is smaller. Notably, the ER is not as watery as the vacuole.
I observed the ER in Arabidopsis seedlings with both HPF-FS and chemical fixation [ Fig. 2 ; unpublished results; images were obtained during collaborative work performed with Dr. Uemura, (Uemura et al. 2012 ) on other tissues]. I found that HPF-FS produced a much better image of the ER than did chemical fixation (Fig. 2) . It is not easy, however, to detect subtle morphological changes in the shape of the ER solely by TEM, because we only view ultrathin sections. It is thus best to use this kind of imaging along with a complementary techniqe, such as live cell imaging or electron tomography.
IV. Golgi apparatus
The Golgi apparatus is smaller than the vacuole and ER. Not only is the Golgi stack as a whole very dynamic, but each cisterna in the stack can also change shape very dynamically and rapidly. This is because the cisternae continuously form COPI or clathrin-coated vesicles and/or accept COPII and COPI vesicles. Thus, the Golgi membrane is in almost continuous flux.
I observed the Golgi apparatus in Arabidopsis seedlings both with HPF-FS (Uemura et al. 2012 ) and with chemical fixation (unpublished results). As shown Figure 3 , in cells with the syp42 -/-syp43 -/-mutant background, one could often see a deformed Golgi apparatus with one cisternae curved to form a convex shape relative to the outside of the Golgi apparatus, much like a Mexican hat (sombrero). These deformed Golgi organelles were never observed in the wild-type background, so we originally thought this was a phenotype of the syp42 -/-syp43 -/-mutant. Interestingly, when the same samples were prepared using HPF-FS, the Golgi deformation phenotype of syp42 -/-syp43 -/-appeared totally different. Specifically, the curvature of the cisternae was concave relative to the outside of the Golgi apparatus. I concluded that the convex shape of the cisternae was an artifact due to chemical fixation, and fusion of two or more cisternae or fission of cisternae might occur during fixative infiltration.
CONCLUSIONS AND PERSPECTIVES
• In general, HPF-FS is much better than chemical fixation for fixing plant cells if the cells or tissue can be frozen without creating ice crystals or distorting the membrane.
• Cells that contain a large central vacuole are not suitable for fixation using HPF-FS, so chemical fixation should generally be used for such cells.
• Organelles that have a complex structure and that are dynamic, such as the Golgi apparatus, should be fixed using HPF if possible.
• Deformation phenotypes in plant cell organelles should be examined very carefully; in these cases, it is better to use the HPF-FS method.
HPF-FS is a very powerful technique that can be used for many applications in the field of plant science. However, HPF-FS is not suitable for cells that have a large central vacuole. Care must be taken to choose a cryoprotectant other than hexadecene (e.g. sucrose solution) or to use another rapid freezing method (e.g. the metal contact method with liquid helium) to optimize the results. Several excellent reviews of HPF-FS methods have (Kang 2010) ). It is important that plant cell biologists continue to share tips and techniques so that these methods can be improved further.
